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Abstract
In this paper, we provide an overview of the economics of sequestration through CO2-enhanced oil recovery (EOR),
at both the micro level of individual EOR projects and the macro level of the oil market as a whole. At the micro
level, a key result is that EOR operators incentives to co-optimize oil production and CO2 sequestration are much
more sensitive to oil prices than to sequestration subsidies. At the macro level, a key result is that the introduction of 
EOR may not displace any conventional production at all, though it necessarily will delay the development of some
new sources of production. The implication is that, unless EOR projects utilize on average as much CO2 per
incremental barrel produced as the CO2 generated when that barrel is consumed, they may not reduce carbon
emissions overall.
© 2013 The Authors. Published by Elsevier Ltd. 
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1. Introduction
The process of injecting CO2 into mature oil fields to increase oil production, referred to as CO2-
enhanced oil recovery (CO2-EOR), contributes a significant and rapidly growing portion of oil production
in the US. According to the most recent biannual survey of EOR production by the Oil & Gas Journal
[1], CO2-EOR projects now produce about 350,000 barrels/day (5.6% of total US oil and gas production),
compared to just 190,000 barrels/day (3.2%) in the year 2000.
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Fig. 1. Schematic of fluid flows in a CO2-EOR project 
This is an important development for climate-change policy, because almost all of the injected CO2 
remains underground after fields are decommissioned. Provided therefore that the CO2 comes from 
anthropogenic sources, EOR constitutes a form of carbon capture and sequestration (CCS). Moreover, 
whereas projects that inject CO2 into saline aquifers incur only costs, EOR projects generate revenues 
from the incremental oil that they recover. Recognizing perhaps the political advantage in emphasizing 
that captured CO2 can generate economic value, the US Department of Energy (DOE) has in fact recently 
re-branded  CCS to CCUS  the U  standing for utilization,  mostly in CO2-EOR projects [2]. The 
DOE s most recent report on CO2-EOR [3] dramatizes the sequestration potential of CO2-EOR projects 
by estimating that they could collectively sequester the emissions from as many as 93 one-GW-size coal-
fired power-plants for 30 years. In addition, it has widely been argued that promoting CO2-EOR may 
provide a bridge  to widespread capture of CO2 for storage in aquifers (which have far greater 
sequestration capacity), by helping pay for required infrastructure (see, .e.g., [4 6], but see also [7] for a 
dissenting view). 
In this paper, we provide an overview of the economics of sequestration through EOR, at both the 
micro level of individual EOR projects and the macro level of the oil market as a whole. 
2. The Micro Level 
We first consider how climate-change policy may influence optimal management of individual CO2-EOR 
projects. Currently, these projects treat CO2 as a costly input, the use of which should be minimized. In 
the context of climate-change policy, however, operators may receive carbon credits, tax credits, or other 
types of subsidies for any CO2 they sequester. Because these subsidies then become a new source of 
revenues, additional to revenues from oil, the question arises how operators should co-optimize  oil 
recovery and CO2 sequestration. 
Several engineering studies [8 15] have addressed this question of co-optimization, examining how 
operators might modify well-completion, -spacing, and -control decisions, as well as the sequencing of 
CO2 and water injection. The usefulness of these studies is limited, however, by the ad hoc criterion used 
to compare these decisions: the operator is usually assumed to maximize a simple weighted sum of 
cumulative oil recovery and cumulative CO2 sequestration. More realistically, operators will maximize 
the net present value (NPV) of project profits  discounted oil and sequestration revenues less operating 
and investment costs  which we find may result in quite different management decisions. 
One such difference is that, whereas engineering studies tend to hold CO2 injection constant, NPV 
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maximization dictates a gradually declining CO2-injection rate, to save on CO2 recycling costs. To see 
why, consider the schematic of a CO2-EOR flood shown in Figure 1. 
On the left, water and compressed CO2 are injected into the reservoir (  and ), usually in 
alternating slugs  a process referred to as water alternating gas  (WAG) injection. Inside the reservoir, 
the injected fluids help move oil towards production wells. In the process of doing so, some fraction of 
the injected CO2 remains sequestered in the reservoir ( ), taking up pore space vacated by the oil, as 
does some fraction of the injected water. On the right, a mixture of CO2, oil, and water flows out of 
production wells and is separated at the surface into flows of oil ( ), recycled and recompressed CO2 
( ) and recycled water. In order to maintain a given injection ratio of water and CO2, the recycled 
flows are supplemented with new water and new, purchased CO2 ( ). 
These physical flows give rise to the following profit flow from an EOR project in a given period (a 
year, say): 
 
 
 
where  and  represent the unit prices of oil and CO2 in the given period,  any unit subsidy for 
CO2 sequestration,  the unit cost of CO2 recycling (which is a major flow expense of any EOR 
project), and finally  other operating costs (overhead, labor, maintenance, etc.). 
For our economic analysis, it is useful to rearrange this profit expression, using two identities that 
follow from the schematic of Figure 1. 
First, the schematic shows that if a given CO2 injection flow is to be maintained, CO2 purchases must 
make up for CO2 sequestration, so . Using this identity, we can merge the CO2 sequestration 
subsidies term  and the CO2 purchase costs term  into a single term . 
That is, we subtract from the subsidy  for each unit sequestered the price  of the additional unit of 
CO2 that will have to be purchased in order to make up for the sequestration and maintain the CO2 
injection flow: this price is in effect an indirect cost of sequestration. 
Second, the schematic shows that the quantity of CO2 recycled is just the quantity injected less that 
sequestered, so . Using this identity, we can split the CO2 recycling costs term  
into two terms : the first term is the gross  recycling cost that would have to be 
incurred if the entire flow of injected CO2 came back up and had to be recycled, while the second term is 
the recycling cost avoided because some of the CO2 in fact does not come back up, but is sequestered in 
the reservoir. This avoided cost can therefore be viewed as an indirect benefit of, or revenue from, 
sequestration, and combined with the term  to obtain net  CO2 sequestration revenues 
. 
With these changes, the profit expression becomes 
 
 
 
Rearranging the expression in this manner is useful, because it shows that if it is optimal to maintain CO2 
injection  at a constant level, and if all prices and costs can be treated as constant as well, then the 
profit expression in effect reduces to a weighted sum of oil revenues and CO2 sequestration: 
6912   Klaas van ‘t Veld et al. /  Energy Procedia  37 ( 2013 )  6909 – 6919 
 
That is, it reduces to the objective function used in the above-cited engineering studies, with the oil 
price  and the net price  of sequestration  as weights. 
In reality, however, it is not optimal to hold CO2 injection constant. This is because, although a 
successful CO2-EOR project initially sees a bump in oil production, eventually (usually within a few 
years) the oil flow peaks and thereafter gradually declines, for purely physical reasons: progressively less 
oil remains in the reservoir, and that remaining oil is progressively harder to dislodge. Concomitantly, 
because progressively less oil vacates pore spaces in the reservoir rock, the flow of CO2 sequestered in 
those pore spaces declines as well. 
As a result, both revenue streams from the EOR project fall over time as well (assuming, of course, 
that the oil price and net CO2 price stay relatively constant and in particular do not increase rapidly 
enough to offset the decline in oil production and CO2 sequestration). In other words, the benefits of CO2 
injection fall over time: the whole point of injecting CO2 is precisely to generate these oil and 
sequestration revenues. But then, if the benefits of injection fall, it cannot be optimal (i.e., profit 
maximizing) to keep injecting at a constant rate, thereby keeping the costs of injection constant. Rather, it 
is optimal to gradually reduce the injection rate, thereby reducing costs in line with benefits. 
This in turn has two implications for the objective function of EOR operators. First, rather than casting 
the objective as a weighted sum of oil production and CO2 sequestration alone (minus constant terms), the 
objective should include a third, injection term, with the cost of recycling as its weight: 
 
 
 
Second, because all three flows vary over time (and not in lockstep), the time value of money should 
be taken into account: changes in the flows due to operating decisions and resulting changes in revenues 
and costs should matter more to the operator, the earlier in the lifetime of an EOR project they occur. That 
is, the objective should not just be profit in any given time period  or the simple sum of profits over the 
project s lifetime  (given constant weights, the latter profits would be equivalent to a weighted sum of 
cumulative oil production, CO2 sequestration, and CO2 injection), but rather the sum of discounted profits 
or net present value, 
 
 
 
In previous work [16], we used an extremely stylized model of an EOR project to confirm the intuitive 
argument above suggesting that optimal CO2 injection should fall over time. At the heart of the model are  
just two assumptions, both of which involve the CO2 injection fraction at any given point in time, 
: 
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Fig. 2. Assumed relationship between CO2 injection,            Fig. 3. Baseline simulation results 
oil production, and CO2 sequestration 
Table 1. Baseline parameter values 
 10 Initial recoverable reserves (million barrels) 
 10 Combined injection of CO2 and water (million barrels/year) 
 4 CO2 purchase cost ($/barrel) 
 1 CO2 recycling cost ($/barrel) 
 1 Other costs ($ million) 
 27 Up-front capital cost of switching to CO2 flood ($ million) 
 5 Discount rate (%/year) 
 
Assumption 1. Oil production at any point in time is a fraction of remaining recoverable reserves, 
whereby this fraction is an inverse U-shaped function of the CO2 injection fraction: 
 
 
 
Assumption 2. CO2 sequestration at any point in time is the product of the CO2 injection fraction and 
oil production: 
 
 
 
The first assumption captures two stylized facts about oil production from EOR projects. One is that, after 
an initial jump, production declines at a roughly exponential rate over time when the injection fraction is 
held constant. The other is that oil recovery is maximized when a mix of CO2 and water is injected, using 
alternating slugs. The slugs of water serve to increase the area of the reservoir that the slugs of CO2 sweep 
through, by reducing the tendency of CO2 to finger  or channel  between injection and production 
wells, bypassing some of the oil (see, e.g., [17 21]). 
The second assumption reflects the fact that both injected fluids end up occupying the pore space 
vacated by produced oil. It seems reasonable that they should end up doing so roughly in proportion to 
their ratio in the injection mix. 
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Fig. 4. Sensitivity of cumulative sequestration to (a) the oil price (b) the sequestration subsidy 
Figure 2 shows the relationship between the CO2 injection rate and the oil production and CO2 
sequestration rates implied by these assumptions, if the  function is a simple quadratic 
 . 
Importantly, this functional form and its coefficients are merely illustrative: although they are loosely 
based on data from a simulation study by Guo et al. [20] as well as on experience at the Lost Soldier-
Tensleep EOR project in Wyoming, the actual shape of the functions is likely to be highly dependent on 
the specific properties of any given reservoir and of the oil it contains. 
The full model consists of objective function (5), equations (6) and (7), and an equation 
 to update remaining reserves in each period. Using the parameter values given in Table 1, we 
solve the model numerically for the combination of terminal time  and vector of CO2 injection rates 
 up to that time that maximize NPV. Note that we measure CO2 in barrels 
rather than the more conventional units of mcf (1,000 cubic feet at standard surface and temperature 
conditions) or tCO2 (1 metric tonne). At the temperature and pressure conditions inside the Lost Soldier-
Tensleep reservoir, 1 mcf of CO2 is compressed to about 0.471 barrels, which we round off to 0.5 bl/mcf. 
The standard conversion factor between mcf and tCO2 is about 18.9, which we round off to 20 mcf/tCO2. 
(See [16] for further details.) 
Figure 3 shows the result at our baseline oil price of $100/bl and baseline CO2 sequestration subsidy of 
40/tCO2). At these values, it is optimal to initially inject a mix of about 50% CO2 and water, but 
to gradually drop the CO2 fraction over time. After 22 years, the optimal fraction drops to zero, after 
which the project optimally continues to operate for another 31 years (so the optimal terminal time  is 53 
years) while injecting only water. 
Paradoxically, when we then re-run the simulations for a range of oil prices and CO2 subsidies, we find 
that cumulative CO2 sequestration is much more responsive to the oil price than to the sequestration 
subsidy. As shown in Figure 4, halving the oil price to $50/bl reduces cumulative sequestration by 31%, 
while doubling the oil price to $200/bl increases cumulative sequestration by 24%.  In contrast, halving 
the subsidy to $20/tCO2 reduces cumulative sequestration by only about 5%, while doubling the subsidy 
to $80/tCO2 increases cumulative sequestration by only 11%. 
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Fig. 5. Change in (a) CO2 injection and (b) cumulative sequestration paths as a result of oil-price growth 
The reason is quite straightforward: at realistic oil-price and sequestration-subsidy levels, oil revenues 
make up a far larger share of a project s profits than do sequestration revenues. In terms of equation (4) 
above, not only is the sequestration rate  over most of the project s lifetime less than half as large as 
the oil production rate  (when both are expressed in comparable units such as bl/year), but its weight 
is orders of magnitude smaller: over the range of subsidies and prices considered in Figure 4, the weight 
on sequestration varies from $-1 to $5, while that on oil production varies from $50 to $200. As a result, 
the operator s incentive, even with sequestration subsidies as high as $80/tCO2, is to largely ignore 
sequestration and instead manage the project so as to maximize oil production alone. 
The relationship between oil production and sequestration shown in Figure 2, however, implies that 
increasing oil production even slightly in response to a higher oil price may require injecting, and hence 
sequestering, large amounts of additional CO2. For example, we find that if the oil price doubles from 
$100 to $200, the operator s optimal CO2 injection rate over the first 30 years of the project increases 
45%, from 2.25 million bl/year to 3.27 million bl/year. Doing so increases average oil production by only 
2%, from 0.311 million bl/year to 0.317 million bl/year, but this 2% boosts oil revenues by $1.2 
million/year. At the same time the increased injection rate increases average CO2 sequestration by 24%, 
from 0.125 million bl/year to 0.155 million bl/year, but this implies a revenue boost from sequestration 
subsidies of only $0.12 million/year. From the operator s point of view, then, the boost in CO2 
sequestration, while significant in quantity terms, is just a side effect  in dollar terms. 
Conversely, even very high sequestration subsidies will not induce the operator to alter project 
management by much. A true tradeoff between oil revenues and CO2 sequestration emerges only when 
the subsidy reaches levels as high as $120/tCO2 (well above realistic levels in the near future), and even 
then, the operator will optimally give up only very small amounts of oil production in order to boost CO2 
sequestration. In terms of Figure 2, it is only at these very high CO2 subsidy levels that the operator will 
briefly, at the very beginning of the flood, choose a CO2 injection fraction higher than the oil-production-
maximizing fraction of 0.625. 
While the preceding result suggests that climate policy should perhaps focus on raising oil prices 
rather than on subsidizing CO2 sequestration, we find this need not be the case. There are two reasons. 
First, we find  in an extension of our previous work that incorporates possible changes in oil prices 
or CO2 subsidies over time  that rapid increases in the oil price, if anticipated by operators, may greatly 
reduce sequestration by CO2-EOR projects. As shown in panel (b) of Figure 5, cumulative sequestration 
from our model project drops by as much as 53%, from 3.77 million bl to 1.77 million bl, if instead of 
staying constant at $100/bl, the oil price increases at a rate of 7.5% per year. 
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Underlying this is the fact that large up-front investment costs are required to switch from 
conventional oil-recovery methods, such as waterflooding, to CO2 injection. That is, if we let  denote 
these up-front investment costs, the full expression for the net present value of a project is 
 
 
 
In general, oil field operators have an incentive to delay switching in order to delay these investment 
costs. When oil prices are anticipated to increase, there is an additional incentive to delay: by so doing, 
the CO2-induced boost in oil production is pushed back to a time when oil prices are higher. But the 
extension of waterflooding until this later switching time also reduces CO2 sequestration. This is because 
reservoir pore space that would have been occupied by CO2 had EOR commenced sooner will now be 
occupied by water. 
Second, and independent of the first effect, when the incremental oil recovered by EOR projects is 
consumed, additional CO2 emissions will be generated. A common misconception is that these emissions 
can be ignored, ostensibly because incremental oil from EOR merely displaces  conventionally 
produced oil. In their study of net sequestration by eight North American CO2-EOR projects, Faltinson 
and Gunter [22] suggest, for example, that 
Project-life-cycle emissions attributed to CO2 EOR should include fugitive emissions directly 
related to the CO2-EOR project only, and not include downstream emissions common to all sources 
of oil supply.  
This is because, they argue, 
World oil production is determined by world oil demand and if CO2-EOR projects were not 
undertaken, some other source of oil would step forward and fill the gap. Therefore, executing CO2-
EOR projects will not result in incremental aggregate refining and consumption emissions  (emphasis 
added). 
To explain the problem with this line of reasoning we must shift focus from individual EOR projects to 
the effect of EOR production in aggregate, on the oil market as a whole. 
3. The Macro Level 
One problem with the argument that EOR production merely displaces conventional production is the 
implied assumption that aggregate world demand for oil is fixed, i.e., perfectly insensitive to price. If so, 
any drop in the oil price caused by increasing EOR supply indeed induces no expansion of demand, 
forcing marginal conventional oil projects to cut back production by exactly the amount of EOR 
production added. Realistically, however, world demand is price sensitive (particularly in the long run), 
and incremental EOR production therefore does expand aggregate consumption and emissions. Moreover, 
even if this expansion is not one-for-one, so that EOR production does displace some conventional 
production at any given point in time, much or all of this displacement may be only temporary. 
Figure 6 illustrates the latter point. Panel (a) of the figure compares over 10 periods  (which one 
could interpret as decades) the oil-price path with only conventional production, , to the path with 
added production from EOR, . In every period, the increased production implies a lower price, 
so the latter path lies below the former. Under both scenarios, the oil price increases over time, as 
successive additions to developed reserves, which are needed to make up for declining production from 
existing reserves, become progressively more costly. 
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Fig. 6. Oil-price and oil-production paths with and without EOR, when the price of the backstop 
technology is either constant (panels (a) and (b)) or falling over time (panels (c) and (d)) 
Panel (b) of the figure compares the corresponding oil-production paths. It shows that the addition of 
EOR production initially reduces conventional production in each period from  to , but because 
demand is not perfectly insensitive to price, the lower price  induced by the added EOR 
production induces an increase in overall production and consumption to . As a result, the 
displacement of conventional production by EOR production is only partial. 
At a certain point, each price path hits a price ceiling , above which oil demand drops to zero. This is 
because  represents the price of a renewable, backstop  technology that is a perfect substitute for oil. At 
this price, oil production may still continue for some time, but no additions to reserves are made. Let  
and  denote the times at which the oil price reaches  in the scenario without and with CO2-EOR, 
respectively. Since the  path lies below the  path, it follows that . 
Importantly, if the backstop price is constant, as in panels (a) and (b), any given price  attained by 
the price path  is eventually, at some later time , attained also by the price path . As a result, 
all conventional projects that become economic at some price  without the introduction of EOR 
eventually become economic also when EOR is introduced. This implies that the accumulated amount of 
oil produced from conventional sources is unaffected (i.e., the areas under the oil-quantity paths  and 
 are identical). In other words, EOR production ultimately displaces no conventional oil production 
at all. 
The upshot is that, unless EOR projects utilize at least as much CO2 per incremental barrel produced as 
the CO2 generated when that barrel is consumed, they will not reduce cumulative carbon emissions 
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overall. Faltinson and Gunter [22] show that CO2 utilization is in fact highly variable across eight North 
American projects, ranging from 3.58 to 11.24 Mcf per incremental barrel. This compares with average 
CO2 emissions of about 8.4 Mcf per barrel from refining and then combusting oil products [23]. 
Complicating this comparison, however, is the fact that the backstop price is likely to fall over time, as 
R&D reduces the cost of alternative energy sources. As illustrated in panel (c) of Figure 6, the outward 
shift in the oil-price path as a result of EOR implies that there is then more time for the backstop price to 
decline, so the backstop is reached at a lower price. This lower terminal  oil price in turn induces a 
reduction in cumulative additions (i.e., the area under the oil-quantity path  in panel (d) is smaller 
than the area under the oil-quantity path ). Ultimately, the net effect on total production turns on a 
comparison of this induced reduction on the one hand with the increased output associated with EOR on 
the other. 
4. Conclusion 
In this paper, we have investigated the economics of CO2 sequestration through EOR, paying specific 
attention to (i) EOR operators  incentives to co-optimize oil production and CO2 sequestration, and (ii) 
the question of how much conventional oil production is displaced by EOR production. With respect to 
(i), a key result is that even unrealistically large sequestration subsidies are unlikely to alter operators  
management of EOR projects in ways that materially increase sequestration, but that high and stable oil 
prices may well achieve this goal. With respect to (ii), a key result is that the introduction of EOR may 
not displace any conventional production at all, though it necessarily will delay the development of some 
new sources of production. 
An issue we have not addressed is whether mere postponement of CO2 emissions from conventional 
oil should be counted as a benefit of EOR. Indeed, most Integrated Assessment Models show marginal 
damages from CO2 emissions decreasing over time in present-value terms, implying that postponing 
emissions is beneficial. More recent research [24, 25] suggest, however, that it is the cumulative amount 
of CO2 emitted by, say, 2050 that is of crucial importance to climate-change damages, with the time path 
of those emissions being far less critical. Taking this perspective, the key consideration in evaluating the 
impact of EOR upon damages is the net effect on cumulative emissions over time. 
A further issue we leave for future research is the policy question of how to address the above-noted 
fact that net CO2 emissions from EOR projects vary widely: some projects sequester far less CO2 per 
incremental barrel than the consumption of those barrels will generate, while other projects sequester 
more (therefore arguably producing green  oil). Presumably, one would want a policy to discourage the 
former class of projects, while promoting the latter class of projects. Preliminary results suggest that a 
comprehensive tax on CO2 emissions (or an equivalent cap-and-trade scheme) will accomplish both 
objectives. The tax does so indirectly, through induced adjustments in the oil and CO2 markets that reduce 
both the oil price that EOR projects receive and the CO2 price that they pay. A large enough tax will in 
fact make that CO2 price negative, thereby effectively acting as a sequestration subsidy. Moreover, these 
price adjustments will appropriately account for market switching between energy sources, thereby 
making the above-described displacement  issue moot. 
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